because DNA polymorphism was not found among the isolates (Sakai et al., 2009a) . In addition, Hassan et al. (2010) reported that the isolates from Japan were antigenically homogeneous.
Ayu suffering from E. ictaluri infection show reddening on the body surface including anus and bases of fins, exophthalmos, and hemorrhagic ascites . Death with these clinical signs has been observed in the fish experimentally challenged with the bacterium. Virulence properties such as serum resistance or intracellular replication in macrophages are known for E. ictaluri isolated from channel catfish (Booth et al., 2006) . O-polysaccharide and type secretion system (T3SS) have been identified as virulence factors associated with serum resistance and intracellular replication in macrophages, respectively (Thune et al., 2007) . However, virulence factors in the strain isolated from ayu have not been investigated yet.
In the present study, we describe the identification of putative virulence factors of E. ictaluri for ayu, by the comparative proteomic analysis with two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) using the virulent strain and relatively low virulent strain of the bacterium.
Materials and Methods

Bacteria
Two E. ictaluri isolates, FPC1091 and FPC1214 were used to identify virulence factors; both bacteria were isolated from ayu in Japan. A relatively low virulent E. ictaluri FPC1214 was isolated from ayu in Japan in 2012, and the virulence was confirmed by the challenge to ayu in the present study. This strain was confirmed to be E. ictaluri with PCR test reported by Sakai et al. (2009b) and biochemical characterization with the LIM, SC, SIM and TSI test agar (Nissui), and the cytochrome oxidase test paper (Nissui).
In addition, several different E. ictaluri strains were used in the analysis of the genetic lineages (Table 1) . Each bacterium was cultured on LB agar, Lennox (BD Bioscience) at 28°C for 36 h.
Analysis of genetic lineage
Total DNA of E. ictaluri was extracted by the Maxwell16 automated purification system (Promega) with the Maxwell16 tissue DNA purification kit (Promega). The DNA of each strain was subjected to amplified-fragment length polymorphism (AFLP) analysis by use of the AFLP TM Microbial Fingerprinting kit (Applied Biosystems). Selective PCR in the AFLP reaction was performed with a selective primer set of EcoRI-0 and MseI-0 according to the condition described by Sakai et al. (2009a) . The product was loaded on a 6% polyacrylamide gel containing urea (TBE-Urea Gels, Thermo Fisher Scientific), and the electrophoresis was performed in 1 × TBE buffer (Bio-Rad Laboratories) at 180 V constant voltage for 50 min. The gel was scanned with the FMBIO III Multi-View fluorescence image analyzer (Hitachi).
Challenge test E. ictaluri strains FPC1091 and FPC1214 were used. Each bacterium cultured on LB was suspended in 10 mM phosphate-buffered saline (PBS, pH 7.2). The number of viable cells in each bacterial suspension was estimated according to the method of Miles et al. (1938) . Juvenile ayu were obtained from a private hatchery (Marine Tech Co.) and reared in a tank filled with 400 L of running, aerated well water at 17°C for 30 days by feeding commercial pellet diet until the challenge test. For the challenge experiment, 45 fish (average body weight: 2.2 g) were taken and divided into 3 groups (15 fish/group). Each group was maintained in a 30-L aquarium with flow-through water at 20°C. These 3 groups were intraperitoneally injected either with the bacterial suspension of the strain FPC1091 at a dose of 1.2 × 10 7 CFU/50 μL/fish, FPC1214 at a dose of 2.2 × 10 7 CFU/50 μL/fish, or the same volume of PBS without bacteria. Mortality was recorded for 14 days.
2D-PAGE
Protein of E. ictaluri was extracted from 15 mg of the bacterial cells using the TRIzol Reagent (Thermo Fisher Scientific) according to the manufacture's instruction and dissolved in 200 μL of a solution containing 7 M Urea, 2 M thiourea, 4% CHAPS and 2 mM tributyl phosphine (Bio-Rad Labolatories). The protein concentration was determined by use of the Quick Start Bradford Protein Assay (Bio-Rad Labolatories). After incubation for 1 h at room temperature, 150 μg protein in the sample was adjusted to 340 μL with the Destreak Rehydration Solution (GE Healthcare) containing 2% IPG buffer pH 3-10 NL (GE Healthcare), and this solution was applied to the Immobiline Dry Strip (18 cm, pH 3-10 NL, GE Healthcare). Isoelectric focusing electrophoresis was performed with the CoolPhoreStar IPG-IEF (Anatech) at 500 V for 2 h, then ramped linearly from 500 V to 3,500 V for 6 h, and finally maintained at 3,500 V for 10 h. After the electrophoresis, the strip gel was equilibrated with 25 mM Tris-HCl (pH 6.8) containing 6 M urea, 2% SDS, 30% glycerol and 0.5% dithiothreitol for 30 min, and the alkylation was performed with 4.5% iodoacetamide solution containing 25 mM Tris-HCl (pH 6.8), 6 M urea, 2% SDS and 30% glycerol for 20 min. SDS-PAGE of the equilibrated strip gel was run with a 10%-20% gradient polyacrylamide gel (Bio Craft). Proteins in the SDS-PAGE gel were stained with the Oriol Fluorescent Gel Stain (Bio-Rad Labolatories) and detected using the FluoroPhoreStar 3000 (Anatech). Spot detection, matching and relative quantification across the gels were performed with the PDQuest 2-D gel analysis software (Bio-Rad Labolatories). The above mentioned 2-D PAGE and subsequent analysis was triplicated for each of FPC1091 and FPC1214.
Protein identification
Proteins detected by the 2D-PAGE analyses were identified by mass spectrometry. The samples were prepared as follows. Each protein spot in the 2D-PAGE gel was excised using the FluoroPhoreStar 3000 (Anatech) and subjected to microwave-assisted tryptic digestion (Juan et al., 2005; Sun et al., 2006) . The tryptic digests were extracted using 50% acetonitrile (ACN) containing 0.1% trifluoroacetic acid (TFA) for 15 min. In addition, the extraction was performed with 75% ACN containing 0.1% TFA. The mixture of these extracts was dried by use of a centrifugal concentrator (Eppendorf) and re-dissolved in 50% ACN containing 0.1% TFA. Each sample was mixed with an equal volume of DHBA matrix solution (Shimadzu) and subjected to MS/ MS analysis with MALDI-QIT-TOF MS (AXIMA Resonance, Shimadzu). The MS/MS data was checked to identify the protein against a database of all protein-coding sequences on the genome of E. ictaluri 93-146 (GenBank NC_012779) by use of MS/MS ion search program (MASCOT, Matrix Science).
Results
Biochemical and genetic characteristics of E. ictaluri FPC1214
E. ictaluri FPC1214 showed the same biochemical characteristics as FPC1091 described by Nagai et al. (2008) (Table 2 ). In addition, there was no difference in the results of fermentation test for sucrose, lactose and glucose between these two strains.
The electrophoresis gel image of AFLP analysis is shown in Fig. 1 . The banding pattern is identical for FPC1091 and FPC1214. In contrast, the polymorphic bands are detected between these two strains and ATCC strains.
Mortalities
Cumulative mortality of the fish challenged with the strain FPC1214 was significantly lower than the group challenged with the strain FPC1091 (p < 0.05 in Fisher's exact probability test) (Fig. 2) . For both groups, all dead fish showed reddening of head or anus, hemorrhage in the peritoneal cavity, or hypertrophy of the kidney. The injected bacteria were re-isolated from these dead fish. The data with asterisks were obtained from Nagai et al. (2008) . . The proteins of the spots with numbers were either expressed in larger amounts in FPC1091 or expressed only in FPC1091. These proteins were subjected to MS/MS analyses. Fig. 3B and
Fig. 3B and C
Proteins identified by the comparative proteomic analysis
Gel images of 2D-PAGE with the strains FPC1091 and FPC1214 are shown in Fig. 3 . Clear spots recognized by the PDQuest analysis software (315 spots in the strain FPC1091 and 307 spots in the strain FPC1214), were applied to the differential quantitative analysis of this software. Proteins of 23 spots were expressed in larger amounts in the strain FPC1091 than in the strain FPC1214 in the analyses of the fluorescence intensity of the spots. Sixteen proteins were identified by the MS/MS analysis from the 23 spots (Table 3) . Putative virulence factors were found among these proteins, such as proteins for T3SS (EscA and EseD) and type VI secretion systems (T6SS: EvpB, Hcp, Hcp2, VasE). Nine of these 16 proteins, including proteins for T3SS and T6SS, were only found in FPC1091. There is no information about the virulence for 3 proteins (4 spots).
Discussion
T3SS and T6SS are most likely involved in the virulence of FPC1091 to ayu. Proteins for these secretion systems are only found in FPC1091 in this study. For E. tarda, T3SS and T6SS participate in the survival and replication in the host phagocytes (Srinivasa Rao et al., 2004; Okuda et al., 2006) , and mutations in EscA, EseD, or EvpB decreases the replication rates of the bacterium in host macrophages (Srinivasa Rao et al., 2004; Tan et al., 2005) . The T3SS interferes with apoptosis and destabilizes microtubules in host phagocytes (Okuda et al., 2006; Xie et al., 2010) , and the T6SS inhibits the activation of NLRP3 inflammasome (Chen et al., 2017) . In addition, genetic organization of gene clusters of T3SS and T6SS are similar between E. tarda and E. ictaluri, and the nucleotide sequence of each gene is highly conserved between these bacteria (Thune et al., 2007) .
Although the role of RibD, which is one of the enzymes for riboflavin biosynthetic pathway, in the pathogenesis has not yet been studied in Edwardsiella species, the riboflavin pathway may also be important for the survival of FPC1091 in ayu. In the present study, RibD was observed only in FPC1091. Relationship of riboflavin biosynthetic pathway and the survival in macrophages has been observed in Brucella abortus (Bonomi et al., 2010) . AcnB an Fld are likely to be involved in the resistance to H 2 O 2 from the phagocytes of ayu. Respiratory burst activity of neutrophils of ayu is significantly higher than in the other fresh water fishes (Moritomo et al., 2003) , and therefore, the resistance to oxidative stress must be of great importance for the survival of E. ictaluri in ayu. Enhancement of susceptibility to H 2 O 2 has been observed in an AcnB mutant of E. coli (Tang et al., 2002) and a Fld mutant of Pseudomonas aeruginosa (Moyano et al., 2014) .
E. ictaluri are able to adhere to olfactory mucosa of channel catfish or fish cells, and this character is important for the infection to fish (Wolfe et al., 1998) . The amino acid sequence of the opacity family porin protein (LomR) detected in the strain FPC1091 shares 50% similarity with that of the adhesin/virulence factor Hek of E. coli (Fagan and Smith, 2007) . Thus, these proteins may contribute to infectivity of E. ictaluri for ayu.
In our previous study, the AFLP profiles of E. ictaluri were identical among the strains isolated from ayu in Japan (Sakai et al., 2009a) . Furthermore, the polymorphic DNA bands were confirmed between the E. ictaluri strains in Japan and ATCC strains isolated in America. Thus, AFLP results of the present study suggest that the strain FPC1214 has been attenuated from the genetic lineage of FPC1091. The virulence of FPC1241 has not been lost completely, however, because the bacterium killed some fish in the experimental challenge and the dead fish showed typical clinical signs of E. ictaluri infection. Thus, the virulence factors in the strain FPC1214 still remain but seem to be reduced or suppressed as compared to the strain FPC1091.
The expression of the virulence factors described above is controlled by other regulatory systems. For example, the EsrA-EsrB or PhoP-PhoQ known as the "two-component system" contributes to the expression of T3SS or T6SS Chakraborty et al., 2011; Rogge and Thune, 2011) . Reduced production of some virulence factors in the strain FPC1214 could be caused by mutations in the genes of those factors, although it is rather unlikely in the light of AFLP results. Transcription of EsrA is influenced by quorum sensing signal autoinducer 2 (AI-2), and S-ribosylhomocysteinase (LuxS), which is expressed in significantly larger amount in FPC1091 than in FPC1214, participates in the synthesis of AI-2 (Schauder et al., 2001; Zhang and Sun, 2012) . Although LuxS is expressed in significantly larger amount in FPC1091 than in FPC1214, EsrA and related proteins were not detected in the comparative analysis between these strains. Other factors might participate in the reduction of virulence of FPC1214. Interrelationship between pyruvate pathway and expression of T3SS has been reported in Aeromonas hydrophila, E. coli or Salmonella enterica (Wilharm and Heider, 2014) . In the present study, phosphonopyruvate decarboxylase (Ppd) and phosphoenolpyruvate phosphomutase (Ppm) were found only in FPC1091. These are enzymes participating in conversion of phosphoenolpyruvic acid, which is a precursor of pyruvate acid, to phosphonoacetaldehyde (McGrath et al., 2013) . Therefore, the pathway via Ppd and Ppm may be involved in the regulation of T3SS of E. ictaluri.
Although Pen or Mcm was found more abundantly in FPC1091 than in FPC1214, there has been no information so far on their involvement in the virulence of bacteria and it is not certain whether these proteins play any roles in the pathogenesis of E. ictaluri.
The results of the present study suggest that E. ictaluri has many virulence factors in common with E. tarda and that most of those virulence factors are related to the survival of the bacteria in host phagocytes. In fish infected with E. tarda, typically many abscesses are formed in organs such as the liver or kidney, and the bacterial cells are usually observed in host phagocytes in those abscesses (Evans et al., 2011) . Therefore, it is very plausible that the factors facilitating the survival of the bacterium in phagocytes contribute greatly to the virulence. On the other hand, the bacterium is often observed to be free in host tissues and bacterial cells that are ingested in host phagocytes are not so frequently observed in fish infected with E. ictaluri as in fish infected with E. tarda Evans et al., 2011) . Nevertheless, this does not necessarily undermine the importance of the ability of the bacterium to survive in host phagocytes. Granulomatous inflammation and severe infiltration of macrophages are characteristic of enteric septicaemia of catfish, which is caused by E. ictaluri (Evans et al., 2011) , and the respiratory burst activity is markedly high in the neutrophils of ayu, as mentioned earlier. The knowledge of virulence factors obtained in the present study may be utilized to detect highly virulent E. ictaluri for the development of an effective vaccine in future studies.
